In northwest North America, the so-called Divergence Problem (DP) is expressed in tree ring-width (RW) as 8 an unstable temperature signal in recent decades. Maximum latewood density (MXD), from the same region, 9
for a detailed description of LWB and related parameters). LWB expresses 50 similar information to MXD as both essentially measure the combined hemicellulose, cellulose and lignin 51 content of the latewood, which is well correlated with summer temperatures. LWB (and related reflectance 52 parameter) chronologies have been successfully used in several summer temperature reconstructions 53 (Björklund et al., 2015; Fuentes et al. 2018; Rydval et al., 2017a Rydval et al., , 2017b Wilson et al., 2014 Wilson et al., , 2017 . However, 54 LWB is arguably still an experimental TR parameter and more studies are needed to evaluate its utility for 55 different species and across multiple regions. One obvious limitation is that any colour variation that is not 56 representative of climatic processes affecting cell wall thickness will bias LWB measurements. For example, 57 compared to its living sample counterpart, remnant snag or sub-fossil wood is often darker, leading to lower 58 reflectance intensity values, and a warm bias in calibrated temperature estimates. Similarly, many conifer 59 species express a distinct colour change between darker heartwood to lighter sapwood, again inducing low 60 frequency related colour intensity biases. Multiple methods have been proposed to overcome these 61 potential biases, but application of these approaches remains limited (Björklund et al., 2014 (Björklund et al., , 2015 Rydval et 62 al. 2017a Rydval et 62 al. , 2017b Wilson et al. 2017) . 63
This study focuses on exploring the dendroclimatic utility of LWB from white spruce (Picea glauca), 64 that grows across much of the North American boreal forest ( Figure 1 ). White spruce manifests no 65 demonstrable colour change between its heartwood and sapwood, making it a good candidate species for 66 LWB based dendroclimatology (Björklund et al., 2014 (Björklund et al., , 2015 Wilson et al. 2017 ). Here we detail the 67 development of a new extended, southern Yukon, summer temperature reconstruction which builds on 68 previous research by Youngblut and Luckman (2008) who developed a RW based June-July maximum 69 temperature reconstruction (1684-1995) from 7 spruce sites. Our aim is to assess whether LWB is a more 70 robust parameter for reconstructing past summer temperatures than RW. Previous work has shown that the 71 temperature signal in many RW datasets throughout north-western North America is not temporally stable 72 (D'Arrigo and Jacoby 1995; Davi et al. 2003; Wilson and Luckman 2003; Andreu-Hayles, et al. 2011, Porter 73 and Pisaric 2011) . This phenomenon is one aspect of the multi-faceted issue often referred to as the 74 "Divergence Problem" (D'Arrigo et al. 2008) . Studies using MXD chronologies from northern Yukon/Alaska 75 and Alberta/British Columbia suggest that this variable is less prone to the divergence problem (Andreu-76 Hayles, et al. 2011; Anchukaitis et al. 2013; Luckman and Wilson 2005; Wilson and Luckman 2003; Wilson et 77 al. 2014) . Therefore, as LWB behaves similarly to MXD, we hypothesise that LWB is likely a superior 78 parameter to RW for reconstructing past summer temperatures in the southern Yukon. 79 80
Materials and methods

81
RW and LWB data were measured from a network of 17 white spruce sites ( Figure 1 and Table 1) evidence of spruce bark beetle infestation and, where possible, site ecological characteristics were kept 85 consistent (similar shrub understory and soil types) across the network except for a few notable locations 86 (see later discussion). The study region is roughly a 400 x 300 km area, ensuring substantial future potential 87 for chronology extension using remnant sub-fossil material extracted from lakes in the area. As spruce shows 88 no obvious colour change across the heartwood/sapwood boundary, no resin extraction was performed. 89
Samples were sanded to 1200 grit and scanned to 3200 dpi on an Epson V850 scanner calibrated using an 90 IT8.7/2 colour card in conjunction with SilverFast scanning software. Rings were measured and crossdated 91 using the CooRecorder/CDendro 8.1 software and RW and LWB generated (Cybis 2016, 92 http://www.cybis.se/forfun/dendro/index.htm -See Rydval et al. (2014) and Buckley et al. (2018) for more 93 detail on LWB generation using CooRecorder). As is the "undocumented" norm for density measurements, 94 the last complete ring of each sample was not measured due to its darker nature -a consequence of proximity 95 to the cambium. The raw LWB measurements were inverted to allow detrending of the data by methods 96 similar to those used for MXD data (Rydval et al. 2014) . To minimise the effects of discolouration and reaction 97 wood, LWB was often measured on a subset of samples that showed no reaction wood or areas of 98 discolouration (see Table 1 ).
99
Standardisation is a crucial data processing step in dendroclimatology which aims to remove non-100 climatic age-related trends while retaining the desired climatic signal (Cook et al. 1990 ). However, we do not 101 believe that the dendroclimatic community fully appreciates the impact of the detrending method "choice" 102 on both the calibration and validation results (for more discussion, see Esper et al. 2007; Sullivan et al. 2016; 103 Wilson et al. 2017) . Therefore, the RW and LWB data were detrended using a range of methods, from the 104 traditional negative exponential and linear functions (Fritts 1976) to the relatively novel age dependent spline 105 method (Melvin et al. 2007 ) (see Table 2 for details). The sensitivity of using the 'signal-free' (SF) method of 106 Melvin and Briffa (2008) was also explored for each detrending option. The SF method is a major advance in 107 the detrending of tree-ring data because it recovers common medium-frequency variability on time-scales 108 longer than the series' lengths (decades to a century or longer) that may have been inadvertently removed 109 by the initial data detrending (Cook et al. 1995) . 110
The age dependent spline (ADS; Melvin et al. 2007 ) is another important recent advance in 111 detrending tree-ring series because it more naturally tracks the long-term trajectory of radial growth than 112 the rigidly defined, modified negative exponential curve (NE) (Fritts et al. 1969) . With the NE, there can be a 113 systematic lack of fit as the tree ages, which is largely an artefact of the model's fixed asymptote. This is the 114 reason why Holmes et al. (1986) introduced double-detrending, to minimize this systematic lack of fit that 115 was unlikely due to climate. The ADS is far less likely to introduce such artefacts into the detrended series 116 because of the very natural way it tracks the trajectory of radial growth as the tree ages. However, some 117 adjustment in how the ADS is fitted is still necessary, particularly if there is an a priori expectation that tree 118 growth, due to climate (e.g. from a warming climate in the 20 th century), should systematically increase over 119 several decades. If left unconstrained, the ADS will track this growth trend due to climate and thus diminish 120 or remove it from the resulting tree-ring chronology. It is for this reason that the ADS is also applied here 121 with an option that constrains its end behaviour to be non-increasing. The combination of SF and ADS, with 122 this non-increasing constraint, greatly reduces the potential loss of a climate warming signal in the tree rings. 123
This should apply equally to the both the RW and LWB data evaluated here for producing a summer 124 temperature reconstruction. 125
The Expressed Population Statistic (EPS -Wigley et al. 1984 ) was used to evaluate the quality of the 126 chronologies as well as estimating the number of series needed to attain a reasonable expression of the 127 theoretical infinitely replicated population chronology (Wilson et al. 2004) . The spatial homogeneity of the 128 between-chronology signal was assessed using principal component analysis (PCA) over the well-replicated 129 common period Dawson to the north, and three stations from the Gulf of Alaska to the south (Yakutat, Juneau and Sitka -see 138 Figure 1 ) which may arguably represent subtly different regional climates. 139
The climate response of the RW and LWB chronologies was assessed by correlating individual and 140 regional composite chronologies with Tmean and Tmax. Analyses were performed over the years 141 the period represented by at least 2 stations (Table 3 ) and the outer date of the earliest sampled site 142 chronologies. The 1944-1997 period was also used for reconstruction calibration, while validation was 143 performed on the combined 1901-1943/1998-2004 tree common signal and larger sample size requirement for LWB is not deemed to be a problem, at least for 157 recent centuries, as all the data from the whole region are combined to create a well-replicated regional 158 composite for dendroclimatic reconstruction. However, for studies which might utilise individual sites, these 159 signal strength metrics indicate that, on average, a minimum of 25-30 trees per site is needed to ensure good 160 signal fidelity in the LWB chronologies. However, it should be noted that several studies have found that 161 despite having a weak common signal, the resulting LWB chronologies still possess a consistently stronger 162 climate signal than RW (Rydval et al. 2014; Wilson et al. 2014 Wilson et al. , 2017 . 163
Since many of the LWB chronologies are not replicated enough to attain a site-level EPS > 0.85 (see 164  Tables 1 and 4 sensitive tree-line sites to drier lower elevations (see later discussion), some caution is advised with this 170 interpretation as some of the lower elevation sites are rather ecologically unique compared to the wider 171 network. For example, Donjek is located on a gravel terrace, while Landslide is predominantly an arid rocky 172 site with thin soils. 173
To maximise EPS, the individual site data were pooled to create regional composite records for both 174 TR variables. This approach was used by Youngblut and Luckman (2008) . Such a well-replicated dataset leads 175 to a robust final chronology in which the sensitivity to different detrending options can be evaluated. The 176 RW regional composite variants ( Figure 3 ) show strong overall signal strength (EPS > 0.85) back to 1200 CE, 177 but substantial variation arises from using different detrending methods. The ADSvar ( Focusing on the ADSne-sf variants of the individual chronologies, the median correlation of the RW 199 chronologies with JJ Tmax is 0.40 (r = -0.02 to 0.61). When mapping the strength of each correlation at each 200 site ( Figure 5 ), the spatial pattern is similar to the PC loadings (Figure 2 ). This suggests that summer 201 temperature is the main factor driving the common signal expressed across the network. Specifically, it is 202 again Donjek and Landslide that have the weakest coherence with temperature, although Kathleen Lake also 203 demonstrates non-significant correlations. The Kathleen Lake site is another ecologically distinct site, located 204 at the toe of an active rock glacier, so the signal may well be weakened by geomorphic activity. In a similar 205 way, as noted by the change in PC loadings (Figure 2 ), the RW climate response with temperatures weakens 206 at lower elevations (< ~ 900 masl; Figure 5 ). This indicates that those chronologies that load strongly on PC1 207 also possess the strongest temperature signal. The LWB chronologies have a similar spatial and elevational 208 pattern to RW, although more LWB correlations are significant, suggesting LWB might be less susceptible to 209 site ecological conditions (see also Rydval et al. 2018) . The median LWB correlation with MJJA Tmax is 0.52 210 (r = -0.08 to 0.72) with Donjek again showing the weakest correlation ( Figure 5 ). 211
To explore the implications of a potential elevation related response change for dendroclimatic 212 reconstruction, the regional data were divided into two elevational composite records (low and high) around 213 900m -the elevation where the RW response to JJ Tmax temperatures suggests the transition occurs ( Figure  214 5). The four sites that make up the low elevation composite are Burwash, Landslide, Kathleen Lake and 215 Donjek (see Table 1 ). The elevational composite chronologies were detrended using ADSne-sf to maximise 216 the climate response of both tree-ring variables (Figure 4) . The relationship between the low and high 217 elevation RW and LWB chronologies is variable through time ( Figure 6 ) but overall the sliding 31-year 218 correlations are positive and generally significant. The RW data express short periods of weak correlation at 219 the end of the 17 th and 18 th centuries but more importantly show a substantial loss in coherence from the 220 mid-20 th century. This may be related to the fact that the dominant environmental factor modulating growth 221 at different altitudes has changed in recent decades. A weakening in the agreement between low and high 222 elevation LWB chronologies is seen in the latter half of the 19 th century but no de-coupling is found in the 223 20 th century. When compared to temperature, the low elevation RW composite shows initial significance but 224 then a marked drop in correlation that mirrors the decreased coherence between the low and high elevation 225 chronologies. The high elevation RW record starts with a weak non-significant relationship with JJ Tmax but 226 then increases until correlations are > 0.60 by the end of the 20 th century. The high elevation LWB data shows 227 a stable response with MJJA Tmax with correlations > 0.6 throughout the 20 th century. The low elevation LWB 228 expresses a weaker, and slightly weakening, correlation with temperature but still ranging between 0.4 and 229 0.5. The exception is a short period of non-significance that is likely related to the 1983 low index outlier. 230
The low elevation RW and LWB composite's decreasing correlations with temperature through the 231 20 th century ( Figure 6 ) suggests a weakening in temperature limitation on tree-growth at elevations below 232 ~900 m, potentially due to the ca. 1 o C warming observed since the 1940s (for both mean and maximum 233 summer temperatures). Overall, the RW data from both elevations do not have a time-stable response to JJ 234
Tmax and do not track decadal trends well. The RW peak growth occurs in the 1940s, especially at high 235 elevations, but is not associated with the highest temperatures in the instrumental data ( Figure 6 ). Similar 236 observations have been noted for RW chronologies in the northern Yukon and Alaska (Porter and Pisaric 237 2011; Sullivan et al. 2016 ). The RW data will therefore not be used for producing a dendroclimatic 238 reconstruction for the region, although calibration/validation tests are performed. However, the high 239 elevation LWB data show a stable response with temperature and even the low elevation LWB sites show 240 only a minimal weakening in their climate response. Both the low and high elevation LWB records track the 241 trends in MJJA Tmax well ( Figure 6 ) and overall indicate a much stronger and more temporally stable 242 relationship with temperature than RW. 243 244
Climatic reconstruction and regional expression 245
All the site LWB data were composited in order to derive a regional temperature reconstruction. 246
Although the lower elevation LWB sites have a slightly weaker climate signal (Figure 6 ), the long Landslide 247 chronology (800 m asl, ADSne-sf variants passing residual analyses (Table 5 ). These results highlight that the detrending option and 260 climate target used have a substantial influence on the calibration/validation metrics, and that ADSne (with 261 or without SF) appears to be a superior standardisation method for retaining the temperature variations at 262 time-scales represented by the instrumental data, especially when associated with the signal-free approach. 263
Over the 1944-1997 period the spatial distribution of correlations, produced by both the non-264 transformed and 1 st differenced versions of the new southern Yukon reconstruction (hereafter denoted as 265 SYBI) and gridded CRU TS temperatures, are very similar (Figure 7a + b) . In fact, SYBI explains > 50% of the 266 temperature variance for not only much of the study region, but also down into northern British Columbia. 267
Performing the same analysis from 1901-1943 between the gridded CRU temperatures and the non-268 transformed reconstruction (Figure 7c ), the concentration of maximum correlation is shifted to a small region 269 in the south-eastern end of the Gulf of Alaska (centred on the Juneau station - Figure 1) . However, after a 1 st 270 difference transform (Figure 7d ), the region of strongest spatial correlation increases substantially. These 271 observations suggest that there is some degree of dissimilarity at decadal and longer timescales between 272 SYBI and the pre-1940s instrumental data. Even though there could be low frequency biases in the LWB 273 composite chronology, it must be emphasised that the early CRU gridded data over this region are 274 interpolated from instrumental measurements (Figure 1, Table 3 ) outside the study area that might not fully 275 capture the climate of the study region. It is also possible that there are homogeneity issues (Peterson et al. 276 1998) in the individual station data. Despite these observations, the ADSne LWB chronologies calibrate and 277 validate well (Table 5) . 278 SYBI tracks 20 th and 21 st century May-August Tmax very well (Figure 8 ) with only a minimal non-279 significant decrease of calibration r 2 from 0.51 to 0.46 between the calibration and full 2004) periods (Table 5 ). The top 5 warmest reconstructed years (2004, 2003, 1944, 1915 and 1923) are in the 281 20 th /21 st centuries (Table 6 ) and three of the warmest decades (1995-2004, 1939-1948 and 1915-1934 Comparison of SYBI with other regional TR based summer temperature reconstructions (see Figure  288 1 for locations) highlights a clear common multi-decadal pattern for a substantial region of NW Northern 289 America (Figure 9 ). The 20 th century is consistently the warmest period in all records. The coldest decade in 290 SYBI (1810-1819 - Table 6 ) is also strongly expressed in most series except for Firth River, Alaska, which is 291 located much further north (Figure 1) shows a marked decrease in coherence prior to the early 17 th century when replication in SYBI drops below 303 50 series (with associated increased uncertainty, Figure 8b ) and the data predominantly shift to the lower 304 elevation Landslide site. This early period in the SYBI should therefore be used cautiously. 305
Finally, the biggest difference between SYBI and the other records is that it does not appear to 306 capture as much centennial and longer time-scale variability over the last 600 years. Even using ADS within 307 the signal free framework will result in a loss of low frequency information at timescales longer than the 308 mean length of the samples (Cook et al. 1995) . Only the Gulf of Alaska (Wiles et al. 2014) and Firth River 309 (Anchukaitis et al. 2013 ) reconstructions have been processed using methods capable of overcoming the 310 'segment length curse ' (Cook et al. 1995 , Briffa et al., 1996 Briffa and Melvin 2011) . At this time, no regional 311 curve standardisation (RCS) experiments have been performed as the current living tree regional dataset, 312 with very high replication in the recent period, could contribute a significant "modern sample" bias to the 313 resultant chronology (Melvin and Briffa, 2014; Anchukaitis et al., 2013 Problem" calibration issues noted in RW data from many spruce sites in western Canada and Alaska (Wilson 324 and Luckman, 2003; Luckman and Wilson, 2005; Andreu-Hayles, et al. 2011; Anchukaitis et al. 2013; Sullivan 325 et al. 2016) . However, the relative expense and lack of facilities for measuring MXD severely hampers the 326 development of new datasets. Latewood Blue Intensity (LWB) has received substantial attention as an 327 economically viable substitute for MXD as they both measure similar wood properties of conifer latewood 328 (McCarroll et al., 2002; Campbell et al. 2007; Björklund et al., 2014 Björklund et al., , 2015 Fuentes et al. 2018; Kaczka et al. 329 2018; Rydval et al., 2014 Rydval et al., , 2017a Rydval et al., , 2017b Rydval et al., , 2018 Wilson et al., 2014 Wilson et al., , 2017 . This paper demonstrates the utility 330 of white spruce LWB chronologies from the southern Yukon. As white spruce covers substantial parts of 331 northern North America (Figure 1) , proving LWB's suitability for producing a robust dendroclimatic 332 reconstruction of past summer temperatures from this species could lead to a substantial enlargement and 333 improvement in the North American temperature sensitive tree-ring network across the Boreal Taiga.  334 Despite having a weaker common signal strength than RW, LWB still contains the stronger, and most 335 temporally stable relationship with summer maximum temperatures. A much weaker and variable 336 temperature response in RW was noted for sites below 900 masl, although this observation is likely 337 exacerbated by site specific ecological issues. Nevertheless, the lower elevation LWB data still exhibited 338 enough significant temperature sensitivity to be used for climate reconstruction. For the final reconstruction, 339 the LWB data from all 17 sites were composited into one regional record. This record begins in 1337 CE when 340 replication is ≥ 15 series and EPS is greater than 0.7, with values attaining 0.85 in the mid-17 th century. A 341 variety of different detrending options were utilised and the Age Dependent Spline methods (allowing the 342 retention of positive trends), applied within the signal free framework, performed markedly better than 343 other methods, resulting in calibration r 2 values over 0.50 (Table 5) 354 et al. 2018) . Future work in the southern Yukon will now focus on updating the living network to present, but 355 most importantly, to sample sub-fossil remnant material extracted from lake sediments to increase 356 replication prior to the 1650s where current reconstruction uncertainty increases substantially due to low 357 replication. The large area covered by the current living network will allow considerable opportunity for 358 finding appropriate lakes with preserved sub-fossil material at elevations above 900 masl where the climate 359 signal is stronger ( Figure 6 ). 360 Some challenges remain, particularly the darker colouration of preserved sub-fossil samples from 361 lakes in relation to their living wood counterparts. Several methods have been proposed to overcome such 362 colour change biases (Björklund et al., 2014 (Björklund et al., , 2015 Rydval et al. 2017a Rydval et al. , 2017b Wilson et al. 2017 ) but more 363 experimentation is needed. The increasing number of papers comparing LWB with MXD clearly show the 364 potential of this parameter for reconstructing past summer temperatures (McCarroll et al., 2002; Björklund 365 et al., 2014 Björklund 365 et al., , 2015 Fuentes et al. 2018; Kaczka et al. 2018; Rydval et al., 2014; Wilson et al., 2014 Rydval, M., Larsson, L.Å., McGlynn, L., Gunnarson, B.E., Loader, N.J., Young, G.H. and Wilson, R., 2014 
